Precision-aligned, robust, ultra-stable optical assemblies are required in an increasing number of space-based applications such as fundamental science, metrology and geodesy. Hydroxide catalysis bonding is a proven, glue-free, technology for building such optical systems from materials such as ULE, Zerodur and fused silica. Hydroxide catalysis bonded optical systems have flown in missions such as GP-B and LISA Pathfinder achieving picometer path-length stability and microradian component stability over full mission lifetime.
INTRODUCTION
Precision-aligned, robust, ultra-stable optical assemblies are required in an increasing number of space-based applications in areas including fundamental physics, metrology and geodesy. Often these optical systems are constructed from low expansion materials such as Corning's Ultra Low Expansion Glass (ULE) or Schott's Extremely Low Expansion Glass Ceramic (Zerodur), and with fused silica optics. One technique for bonding any combination of these materials is hydroxide catalysis bonding. Hydroxide catalysis bonding is essentially a glueless technique that uses an extremely small volume of hydroxide solution to catalyse bonding between the materials 1 producing extremely strong, stable structures. Structures built using this technique have already been flown successfully in NASA's Gravity Probe-B 2 , and in the European Space Agency's LISA Pathfinder mission 3, 4, 5 and are planned for the European Space Agency's planned LISA mission 6 to observe low frequency gravitational waves.
ALIGNMENT AND BONDING
Our system of aligning and bonding is described in detail in a separate papers 7, 8 , but it is useful to summarise briefly the alignment requirements and technologies used. Figure 1 shows a component to be bonded and the axes used to describe its location.
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Component preparation and manipulation
The surfaces to be bonded must be conformal. Typically this mean that both are polished flat to l/10 (l =633nm) over the bond area. The bond is thin and uniform (of order 100nm) so the final alignment of the optical surface in g (about Y axis) is determined by the manufacture of the component and baseplate. Typically for a high-quality component a perpendicularity between optical surface and bonding surface of 5 µradians (1 arc second) can be achieved. Cleaning of the surfaces prior to bonding is also critical to successful bonding.
The component is mounted from a 6 degree of freedom hexapod actuator (Physik Instrument H824). This allows control of the position and angle of the component to better than 0.1µm and 0.3µradians, which are well within our alignment goals.
Metrology
In order for the component to bond in the desired position, they should be brought together parallel, i.e. aligned in angles b and g so that there is minimal slippage as the bonding process takes place. The overall automation of the process also requires continuous readout of the component-to-baseplate separation. These measurements are made by the bonding surface interferometer. A frequency modulated laser beam is directed through the component along the Z axis and an interference signal results from the overlap of the reflections from the base of the component and the baseplate. The interference pattern is spatially analysed to derive angle information while the observed depth of modulation allows calibration of the separation readout. An angular accuracy of around 1µradian and displacement accuracy -once calibrated by using known steps of the Hexapod actuator -is better than 30µm, both well within our requirements.
In our tests to demonstrate our automated system we define a target position, X, and angle, a, of the optical surface. To monitor the alignment we reflect a positionally stable, amplitude modulated, laser beam from the optical surface and measure the position of the reflected beam on two quadrant diodes located at different distances from the reflection point 9 .
Automation
The metrology and component manipulation are controlled from a computer running a LabVIEW program. This allows automatic sequencing of many of the operations to both simplify and speed the bonding operation.
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PROTOTYPE SYSTEM
Our prototype system, developed to refine the bonding procedure and to produce a series of test bonds, is shown in Figure  2 . 
Process
The process for a single bond is almost completely automated and follows the following sequence:
• Clean component and baseplate and mount both in the system (manual processes)
• Automatically align the surfaces to be bonded and move the component to ~200µm above the baseplate
• Align the optical surface to achieve the desired X and a
• Raise the component and apply the bonding fluid to the baseplate • Automatically bring the component down to the point of contact with the bonding fluid, performing any minor corrections to the alignment of the optical surface
• Wait 12 minutes for the initial phase of the bonding process to take place and then release the component from its clamp
The overall process can now be reliably completed by a single operator in a timescale of around 30 minutes; previously bonds of this precision took a team of several operators around 1 day to complete.
ALIGNMENT RESULTS
A series of 9 test bonds were completed using the described procedure using two subtly different bonding fluids. The overall alignment results were extremely good as shown in Table 1 . In all cases the reflecting optical surface is within 4µm of its nominal position and the angular errors are below 10µradians. Full details of the bonding timeline and the fluids used are given in 7 .
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Test number X error (µm) (±2 µm)
a error (µrad) (±5 µrad)
PRODUCTION FACILITY DESIGN
The work described above has demonstrated a system and procedure to achieve the precision alignment and bonding of a single component in a test setup. The next step is to design and build a full production facility for complex optical assemblies.
Target design
Our current design is driven by the need to build optical benches doer the planned LISA mission, but is relevant for any complicated optical system. As an indicator of the scale and complexity of the assembly scenario we are targeting, the preliminary design of the LISA optical bench is shown in Figure 3 .
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Chania, Greece 9 -12 October 2018 Figure 3 . LISA Optical Bench concept (A-side). A representative preliminary design of the LISA optical bench. The design will evolve, but this gives a good idea of the complexity of the optical system which the facility is designed to build. The LISA optical bench is two sided; the side shown is the more complicated. Axis scales are in metres.
The design of the facility is based on a conservative LISA optical bench of diameter 540mm that can have components placed on it in any position and orientation on either of the two flat surfaces. In addition there must be space around the optical bench to mount beam measuring devices 9 and the whole volume must be accessible for measurement by a coordinate measuring machine (CMM).
Our draft facility design is shown in Figure 4 in which a compact bonding surface interferometer and hexapod are mounted on a boom from a wide range XY translation stage. The interface between the boom and hexapod is a rotation stage. The whole assembly is mounted within the measurement volume of a coordinate measuring machine.
The bonding surface interferometer and the hexapod component positioner already demonstrated are being re-engineered into a more compact form suitable for this build facility. An initial prototype of the redesigned system is shown in Figure  5 which shows the interferometer and component holder mounted under a smaller hexapod. We are currently testing a prototype interferometer using a larger hexapod and initial performance is good.
CONCLUSIONS
We have demonstrated an automatic alignment system that allows us to build optical systems with optics precision-aligned to within 4µm and 10µrad of target and bonded within these limits using the hydroxide catalysis process. The alignment technique uses interferometric sensing of the separation and relative alignment of the surfaces to be bonded, and uses these signals, along with the position and angle of a beam reflected from the optical surface, to control a 6 degree of freedom component manipulator. The overall process is reliable and reduces the time taken for a precision bond from of order 1 day, to less than 30 minutes. We are further developing the system with the aim of incorporating it into a facility for the building of complex, precision aligned, optical systems such as those required for LISA.
